Concussion is an injury to the brain occurring as the result of biomechanical forces, generally characterized by the rapid onset of a constellation of symptoms or cognitive impairment, which is typically self-limited and resolves spontaneously. Concussion as the result of playing sports is particularly common, estimated to occur up to 3.8 million times each year in the United States. Although most concussions can be considered benign, the symptoms are often severe enough to interfere with daily function. A small percentage of concussions can be more serious, resulting in a prolonged symptom course, significant morbidity, or even death. The management of concussion in the athlete presents a unique set of challenges for the clinician, requiring not only a detailed neurologic history and examination, but also careful consideration of an athlete's risk of further injury and possible long-term sequelae.
INTRODUCTION
Because of the violent nature of many popular sports, concussion has long been considered to be ''part of the game.'' Even in many of the so-called noncontact sports, such as soccer, baseball, and field hockey, the velocities of the athletes and the presence of multiple ballistic objects or fixed impediments make concussion a common injury on the playing field. The Centers for Disease Control and Prevention estimate that between 1.6 and 3.8 million sporting concussions occur each year in the United States alone. 1 In the high school population, concussion is estimated to account for almost 9% of all athletic injuries. 2 Despite their long-standing high prevalence, sports concussions have only recently garnered significant public attention. Over the past few months, both frequent media reports as well as beginning governmental attempts to regulate certain aspects of sports concussion management have resulted in an increasing public awareness of the possible serious manifestations of concussion. Table 3 -1 presents the states that have enacted or proposed legislation specific to sports concussion within the past 2 years. An increasing interest from the scientific community can be demonstrated as well by performing a PubMed search that crosses the terms sports and concussion. The results of this search, stratified by decade, are shown in Figure 3-1 . The heightened awareness in public, government, and scientific sectors highlights the need for neurologists to increase their involvement in sports concussion clinical care, education, and research. At the same, the need to include sports-specific issues in traditional neurologic training is brought to the fore.
TRENDS
In order to improve sports concussion management and outcomes, several attempts have been made to establish a clinically relevant classification system for concussion. [3] [4] [5] Early efforts focused on classifying the injury based on the presence or absence of a loss of consciousness (LOC). In 1997, the AAN published the recommendation that concussions be classified into three ''grades'' based on the duration of symptoms and the presence of LOC. 3 This document also made recommendations regarding the management of concussed athletes by suggesting return-to-play timing based on this grading system. Clinical practice has shown, however, that predicting the course of any one concussion based on its initial presentation is extremely difficult. [6] [7] [8] More recent consensus efforts have concluded that little clinical value can be ascribed to classifying concussion in the acute setting. 9 Current clinical trends favor treating each concussion individually, further highlighting the value of a clinician's experience in managing sports concussion over the availability of a written management protocol. Understanding this, the AAN has formed a multidisciplinary panel that is currently working to produce a new evidence-based guideline on sports concussion.
DEFINING CONCUSSION
Concussion is a biomechanically induced brain injury resulting in neurologic dysfunction. 3 It is most commonly characterized by the rapid onset of a constellation of symptoms or cognitive impairment that is self-limited and resolves spontaneously.
LOC may be a manifestation of concussion but is not required for diagnosis. Concussions have been defined as injuries that do not produce an abnormality on standard structural neuroimaging. 9 With that in mind, it should be noted that a concussion can also be present in the setting of other, more structural injuries such as fracture or hemorrhage.
CONCUSSION IN THE ATHLETE
For several reasons, the neurologist needs to be aware that providing concussion care for athletes presents a unique set of challenges. In contrast to concussions seen in the general population, the insulting force is not always 42 obvious. In contact sports, such as football, ice hockey, or wrestling, the athlete may experience dozens of impacts during the course of a game or practice. There may not always be one obvious extraordinary hit, but several routine hits, and it may be difficult at times to clearly diagnose a concussion. Case 3-1 illustrates this point. When a football player reports a headache after a fullcontact practice, for example, it may be the result of a concussion, an exertional migraine headache, or the effect of an ill-fitting helmet. In the general population, the impacts are unintended and, therefore, much more obvious, such 43 Case 3-1 A 21-year-old college football player sustained a blow to the left side of the neck and body during a game. He developed paresthesias in the left arm and leg with no objective deficits on examination. The symptoms resolved completely over several hours. Imaging studies of the neck were normal. The following week, he suffered a head injury on the opening kickoff. He then reported a severe headache, left lower extremity paresthesias, and visual changes. Paresthesias and visual symptoms resolved in 3 hours, but the headache persisted for 2 days. Neurologic examination, MRI of the brain, and CT angiogram of the head and neck were normal.
Comment. Further investigation reveals a previous event in high school during which the athlete lost part of his visual field followed by a severe throbbing headache. A family history of migraine headache is also confirmed. With these additional pieces of history, it becomes more likely that the traumatic events described triggered a migraine headache. Not all reports of headache in the setting of contact sports are the direct result of concussion. Migraine headache presents with many of the typical symptoms of concussion, putting emphasis on the importance of careful neurologic history. Previous headache and family history can help establish the diagnosis, but the most telling aspect may be the pattern of the symptom timing that emerges after multiple events.
as a motor vehicle accident or a slip and fall.
Another difference is the presence of third-party influences or the motivation of a patient to be less than forthright about the history. In cases of concussion in the general population, one can expect, for the most part, that patients are providing an accurate history to the best of their ability, or if they are not, they are much more likely to be exaggerating rather than minimizing their symptoms. Conversely, athletes are more likely to possess the unique motivation to hide or minimize their symptoms in order to return to participation sooner. This same motivation often exists in the patient's family, coach, and teammates, making the history extremely difficult to ascertain.
Neurologists should also be aware that many athletes are looking to return to a level of physical activity and performance that would be considered extraordinary in the general population. Concussion symptoms and deficits are often more notable when the patient is trying to perform at a high level, either physically or cognitively. Exertion in either realm may also be a risk factor for symptom exacerbation and a prolonged injury course.
Perhaps the most important difference, however, lies in the nature of the return-to-play decision. In the general patient population, it is typically the case that the insulting biomechanical force is the result of an accident that would not be expected to recur in a short period of time. In sports, and in contact sports particularly, the risk of recurrence is significantly higher. The clinician must become familiar with the nature of the patient's chosen sport and the possible implications of a recurrent concussion, such as a worsening symptom complex, prolonged symptom course, postconcussion syndrome, or even the possibility of a devastating, life-threatening injury.
Clinical Presentation
In the acute setting, the signs and symptoms of concussion typically begin immediately or within a few minutes of the impact in question. They may be maximal at onset or worsen over the minutes to hours following the injury. In some cases, symptom onset may be delayed completely for up to several hours, especially when the athlete has continued with physical exertion after the impact or if a second impact occurs. 10 Because of the possibility of a delay in symptom onset or symptom worsening, it is extremely difficult to clearly define a minimum duration of symptoms required to make a diagnosis of concussion. As noted earlier, LOC is not a requirement for diagnosis. The common acute signs of concussion include headache, disorientation, confusion, amnesia, dizziness, and incoordination. A more complete list of the acute signs and symptoms is presented in Table 3 -2. Continued symptoms are likely caused by the neuronal metabolic mismatch described in the article ''Mild Traumatic Brain Injury Update.'' This relationship may explain why continued participation and physical exertion are sometimes felt to result in a delayed presentation of symptoms or symptom worsening. It is widely held that in up to 90% of concussions, signs and symptoms are short-lived, resolving completely between 7 and 10 days. 8 
Acute Assessment and Management
When a concussion is suspected, the first consideration should always be for the athlete's safety. A careful assessment of airway, breathing, and circulation (ABCs) and the possibility of cervical spine injury should be closely followed by estimating the need for emergency medical services. It is essential that athletes who are suspected to have had a concussion be removed from the contest or practice until a certified health
KEY POINTS
A Concussion symptoms and deficits are often more notable when the patient is trying to perform at a high level, either physically or cognitively.
A The return-toplay decision presents a unique array of challenges that may be foreign to the neurologist.
A The signs and symptoms of concussion typically begin immediately or within a few minutes of the impact in question. They may be maximal at onset or worsen over minutes to hours.
care professional or physician knowledgeable in concussion evaluates them. If a concussion is diagnosed, the most prudent management is to remove the athlete from participation for the remainder of that day, with further evaluation to be performed on subsequent days prior to making a return-to-play decision. At the time of the injury, it is important to document the time and mechanism of injury as well as the presenting signs and symptoms. The athlete should not be left alone for the subsequent 3 to 4 hours in case of clinical worsening. A significant change in mental status, especially level of consciousness, within this time frame may be an indication of a developing intracranial hematoma. In these cases, emergent evaluation with CT is required, along with the appropriate neurosurgical consultation.
The hallmark of concussion diagnosis lies in a thorough history and physical examination. The history should include a detailed account of the injury, the symptom and deficit course, and the athlete's physical and cognitive exertion levels between impact and presentation. The physical examination is critical, with many of the findings in concussion being subtle and dynamic. The mental status portion of the physical examination is particularly important, with deficits in attention span and memory being most pertinent. Disturbances in mood and affect are also common. These potentially subtle mental status examination findings speak to the value of the clinician having at least some preinjury knowledge of the concussed individual. A team physician, for this reason, is in a unique position to manage the concussed athlete. More objective physical findings may also include incoordination, nystagmus, or even subtle weakness demonstrated by a pronator drift. It can be very difficult to attribute such findings to a concussion alone, versus a more malignant injury, such as an intracranial hematoma. The timing of these findings in relation to the injury and how the findings themselves may be changing over time are both extremely important concepts to keep in mind. Any worsening of the clinical presentation should be considered carefully and in the first few hours following the impact should be considered an emergency until proven otherwise. In the acute setting, or even on the sidelines, several assessment tools can be used to help document the clinical presentation or, in some cases, aid in the diagnosis. The most recently published tool, the Sport Concussion Assessment Tool 2 (SCAT-2), is a product of the consensus statement from the 3rd International Conference on Concussion in Sport held in Zurich, Switzerland, in the fall of 2008. 9 The SCAT-2 includes aspects that track concussion symptoms, cognitive performance, and balance. Several other assessment tools exist, with none having clear superiority or a data-driven evaluation that provides a quantitative estimation of its clinical value. 11 Whatever assessment tool is used, it is more valuable to have a preinjury baseline score for the athlete for reasons of comparison. These tools should be used with care, noting that environmental factors can act as significant distractions and affect performance. It is also important that no one tool be used in isolation, but rather as part of a comprehensive concussion management program, which is discussed in greater detail later in this article.
Once a concussion is diagnosed, attention should turn to symptom management. It is typically obvious to the clinician that environmental variables, such as bright lights, loud noises, and movement, are all exacerbating factors. In this way, the typical concussed patient is very similar to a person suffering from migraine headache. The concussed patient should be instructed to avoid physical and cognitive exertion as much as possible. Acetaminophen can be used immediately following the injury for headache control. A few hours after the injury, when the possibility of an undiagnosed intracranial hemorrhage has been minimized, the use of anti-inflammatory medications is reasonable. The patient should be instructed to maintain oral intake, sleep liberally, and avoid any exacerbating activities, which may include television, video games, computer use, or texting.
Return-to-Play Decisions
As previously noted, it is important for the neurologist to understand the complex nature of the return-to-play decision. The clinician is essentially deciding that it is reasonable for the patient to resume the same high concussion risk activity that caused the injury in the first place. This ''return-to-risk'' decision is complicated by several factors, including the athlete's desire to compete and, therefore, misrepresent symptoms. Additionally, one needs to consider the increased risk of worsening or additional injury if the athlete returns too quickly. One study showed that collegiate football players who had suffered one concussion were 3.4 times more likely than uninjured teammates to sustain a subsequent concussion during the same season. 10 This same study showed that prolonged symptom recovery may be associated with a history of prior concussion, although eventual full recovery to baseline is expected.
The underlying management principle is not to allow a concussed athlete to return to participation until it is reasonably certain that the physiologic effects of the concussion have abated. This process is anchored by a rigorous, artful, and, if necessary, serial history to elucidate the athlete's symptom burden. Perhaps no area of concussion management is better suited to the particular skill set of the neurologist.
If the athlete is felt to be symptom free without the use of medications, and the physical examination is completely normal, the neurologist should inquire as to the presence of any preinjury objective data that may have been collected as part of a comprehensive concussion management program. Athletic programs at all levels are increasingly utilizing differing modalities, including computerized neurocognitive testing, scored balance systems, and reaction time mechanisms, in order to better estimate an athlete's neurologic baseline preconcussion. These tests are then repeated, typically after the patient is symptom free, for comparison. The use of these objective tests is covered in greater detail later in this article.
If an athlete's performance on objective testing is similar to that seen in the preinjury setting and the athlete is completely symptom free and has a normal neurologic examination, the moratorium on physical activity can be lifted. Physical activity should be reintroduced, however, in a very careful and graded manner. The purpose of this approach is to increase the demand on the brain in a stepwise fashion, giving the clinician the opportunity to determine whether the concussion's physiologic mechanism is still present, without exposing the brain to unnecessary risk. This process typically begins with a simple cardiovascular challenge, such as 30 minutes on a stationary bike. The level of exertion should be enough to induce an obvious increase in metabolic demand. If the concussive symptoms recur, the trial should be stopped and the athlete should not attempt another trial until the next day, assuming that he or she is symptom free again at rest. If that challenge is tolerated, the athlete can proceed to increasing levels of exertion as presented in Table 3-3 .
When considering the current injury alone, the return-to-play decision requires close and careful monitoring of signs and symptoms as the athlete progresses along this paradigm of graduated exertion, but a clear path to participation exists. When the injury is placed in the larger context of the athlete's overall sports and concussion experience, as well as the complete medical history, additional factors may still complicate the decision. The most common complicating factor is the presence of previous concussive injuries. No accepted absolute number of concussions that any one individual must experience before retiring from sports can be set. Each concussion is unique, and therefore each concussion history should be carefully fleshed out and judged on its own. For each previous concussion, the clinician should attempt to ascertain the details of the injury, including the mechanism, degree of force, and symptom duration. It is also very important to understand any subtle changes in cognition or personality that may be occurring over time. It is extremely difficult to appreciate these types of changes during the typical clinic visit; thus the clinician should be sure to ask about academic or job performance and the presence of social difficulties.
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In some cases, it is clear that with each subsequent concussion, the athlete is experiencing a greater symptom burden for a longer period of time. A typical example is presented in Case 3-2.
In these situations, it is important to approach the return-to-play decision more conservatively, perhaps elongate the period of time that the athlete spends at each exertional level of the graded exercise paradigm, strongly con-sider adding further diagnostic evaluation with a formal neuropsychological evaluation, and possibly consider specialized neuroimaging, such as diffusiontensor imaging (DTI). At some point, the symptom burden may be significant enough to recommend that the athlete retire from sports, thus hoping to avoid the next concussion and minimize the potential for chronic sequelae.
Other cases can be complicated by additional intracranial pathology. Intracranial hemorrhage and skull fracture as the result of head injury add a layer of complexity to the decision-making process. Given the tremendous variability in the size and possible locations of these structural lesions, no single wellestablished guideline to follow exists. Each case should be considered individually. The governing principle is to best estimate the increased risk that any additional variable adds. Case 3-3 discusses how the presence of a previous head injury resulting in a small hemorrhage might affect the return-to-play decision. If a hemorrhage is discovered as part of the evaluation of a mild traumatic brain injury (mTBI), it is worth investigating the possible presence of a structural lesion, such as an arteriovenous 48 Case 3-2 A 23-year-old hockey player presented after his fourth career concussion. Each of the first three concussions was related to hockey, included symptoms that resolved after 7 to 14 days, and did not involve LOC. The fourth and most recent event resulted in chronic and persistent dizziness, headache, and insomnia. Neurologic examination and imaging studies of the brain remained normal. Symptoms gradually resolved, and neuropsychometric scores returned to baseline over a period of 6 months. The patient never resumed his hockey career.
Comment. This case emphasizes one of the possible effects of multiple concussions, the prolonged symptom course. In these cases, it is essential to understand any additional factors that may be adding to the symptom burden. It is certainly possible that preexisting pathologies, including mood and sleep disorders, might also be at play. Alternatively, these ongoing problems may be the direct result of the injury itself. In either case, each symptom should be addressed and treated individually while alternative explanations are sought. Sleep difficulties, including insomnia and excessive fatigue, are especially common in individuals with a history of concussion. Adequate amounts of sleep are a crucial element to concussion recovery. Insomnia must be addressed as part of the treatment plan and may require medications, such as tricyclic antidepressants, which can address both the headache and sleep issues.
Continuum Lifelong Learning Neurol 2010;16 (6) " SPORTS CONCUSSION malformation, that may have been the origin of the hemorrhage.
NEUROIMAGING mTBIs that result in concussion typically do not cause abnormalities on traditional neuroimaging studies-CT and standard MRI. While some structural injury may occur in the setting of concussion, it is beyond the sensitivity of these modalities. 12 As such, most concussions do not lead to neuroimaging studies. Given that concussion management is still based primarily on clinical measures, such as symptom checklists, physical examination, and computerized neurocognitive testing, tremendous interest exists in investigating more advanced neuroimaging techniques that may better quantify the functional disturbances of the concussed brain. These include DTI, fMRI, MR spectroscopy (MRS), and PET.
Each of these modalities has potential advantages and disadvantages for use in concussion. Both MRS and PET provide images that demonstrate functional cerebral metabolism and could potentially be used to delineate the physiologic changes seen in concussion, while fMRI provides real-time feedback on cerebral metabolism during specific cognitive or motor tasks. DTI provides a modality for measuring white matter integrity and connectivity. Each of these technologies requires relatively long collection times, and other than PET, they all require postimaging data processing. PET involves the injection of a radioisotope and the need for not only a PET scanner but also a cyclotron to produce radioisotopes. 12 
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Case 3-3
A 15-year-old boy suffered a head injury as the result of a motorcycle accident, causing a small bleed in the left caudate head that is noted with CT. Headache and ataxia persisted for 2 weeks. Two years later, he suffered a concussion during a basketball game. Symptoms included anterograde amnesia lasting seconds, ataxia lasting minutes, and a headache that persisted for 2 weeks. Neuroimaging was negative, and he was able to resume running and lifting weights without symptoms. Should this athlete return to contact sports and, if so, when?
Comment. The question of when it is safe for an athlete to return to contact sports after neurologic injury is always a challenge. No specific formula has been determined, and many variables must be considered. In this case, it is worth noting that the second head injury produced a relatively typical concussion with normal neuroimaging. Given the remote history of the small caudate bleed, one can assume that this patient does have some increased risk from subsequent injury. However, considering that this bleed may not have been unexpected given the circumstances (motorcycle accident), no preexisting underlying structural abnormality is present, and the second injury did not cause hemorrhage, the actual increased risk of complicating a subsequent concussion with repeat hemorrhage is likely quite low. It is also important to note the lack of a skull fracture in the initial injury, which would have added another layer of increased, although difficult to quantify, risk.
Some consideration should also be given to the fact that this patient has had two concussions. Given the appropriate time to heal and a careful return to exertion with a graded paradigm, however, this patient may not have any long-term sequelae or suffer from a more complicated course if he were to sustain a third concussion. Estimating this risk is extremely difficult, and particular attention should be paid to family history variables, such as intracerebral hemorrhage, frequent concussions, and dementia. Close attention should also be paid to the patient's baseline cognition and personality. Future return-to-play or retirement decisions could be aided by the presence of objective baseline data, which should only be obtained once the patient is asymptomatic from the current injury.
While none of these modalities has a widespread clinical role in the current management of sports concussion, continued investigation into their sensitivity and specificity for concussion, their ability to estimate injury severity, and their role in documenting long-term sequelae are important aspects of improving sports concussion care.
SECOND-IMPACT SYNDROME
Second-impact syndrome (SIS) is a rare form of re-injury that occurs prior to the complete resolution of a previous concussion. 13 SIS diagnoses have been described in a series of case reports involving a second, sometimes minor, head trauma that leads to a devastating injury or death. In such cases, diffuse cerebrovascular dysregulation is thought to lead to massive cerebral edema and subsequent herniation. Some disagreement exists, however, about the prevalence of this diagnosis and the accuracy of the proposed mechanism. Cases of delayed-onset diffuse cerebral edema following relatively minor head traumas, without a previously documented injury, have also been described. 14, 15 An attempt to investigate the similarities among 17 of the published case reports of suggested SIS found that none fulfilled all four diagnostic criteria that were proposed by the author and only five could be classified as ''probable'' SIS. 16 It is certainly possible that all of these cases, regardless of their terminology, have a common pathophysiology. Recently, a mutation in the CACNA1A calcium channel subunit gene that is associated with familial hemiplegic migraine was linked to cases of fatal malignant brain edema. 17 Interestingly, almost all of the suspected cases of SIS have occurred in athletes younger than age 20, with most being 18 years old or younger. This may implicate an, as yet undefined, unique quality of the still-developing brain that significantly determines the risk of these types of injuries. It may also be an epi-demiologic phenomenon driven by the low prevalence of a particular genetic trait, such as a mutation in a calcium channel gene, and the age structure of the athletic population. Given that, as of this writing, fewer than 30 cases of suspected SIS or malignant cerebral edema have been described, it may not be surprising that all of the cases have been described in the age group that has the highest head trauma exposure risk.
CHRONIC CUMULATIVE EFFECTS
It is widely accepted that the symptomatic effects of up to 90% of concussions are short-lived, lasting only 7 to 10 days. 9 This viewpoint puts sports concussion in the light of being a transient phenomenon with little or no long-lasting effects. There is increasing concern, however, that this may not be the case. On the extreme side of the sports concussion spectrum, professional boxers are well known to have a risk of developing permanent alterations in brain function. 18 A growing body of literature is now raising concern, however, that cumulative effects may also be occurring in athletes who sustain more ''routine'' injuries as a function of playing a contact sport such as football or ice hockey. 19, 20 Possible long-term effects include chronic motor and neuropsychological deficits. 21, 22 Recently, de Beaumont and colleagues found that former ice hockey and football players who had a remote history of concussion, up to 30 years prior to testing, showed cognitive and motor deficits when compared to those without a concussion history. 22 Conversely, a separate study found no such association in college athletes. 23 A separate concern is the possibility that repetitive concussion may be a risk factor for, or lead directly to, a dementing illness. Termed chronic traumatic brain injury, dementia pugilistica, or chronic traumatic encephalopathy (CTE), this relationship has been classically described in retired boxers. 24, 25 More recent work has shed light on the possibility that a similar relationship may be seen in retired football players. Guskiewicz and colleagues described retired professional football players with a history of three or more concussions who were 5 times more likely to have mild cognitive impairment. 26 Speaking more directly to possible tau-related dementing pathology, McKee and colleagues reviewed the autopsy findings of three professional athletes as well as the published reports of 48 cases of suspected CTE and concluded that CTE is a ''neuropathologically distinct. . .tauopathy with a clear environmental etiology.'' 27
BASELINE TESTING
The management of sports concussions remains highly dependent on clinical information and is particularly dependent on subjective symptom reporting. Any objective data that can be used to help diagnose concussion and, more importantly, manage it appropriately, can be very helpful. Objectively measuring brain function can be an extremely difficult task, given the wide range of what one would consider to be normal functional output. Consequently, a large portion of concussion management is not about detecting a truly abnormal finding but being able to quantify the change that is seen in the concussed athlete's functional abilities.
Baseline data typically come from three domains: cognitive, balance, and motor reaction time. Although potentially useful, baseline data can be difficult to obtain and use correctly. The first significant hurdle is in obtaining baseline data that are a true reflection of the athlete's ability. Several factors, including motivation, environmental conditions, and poor effort can produce abnormally low baseline scores in any domain. Practice effects and expected test-retest differences are other variables to keep in mind. As much as possible, the baseline and postinjury testing environments should be free of distraction and similar to each other. Finally, any additional physiologic variables, such as sleep deprivation, medication use, or illness, should be noted. Whatever modality is used, the clinician should make an informed judgment as to the value of the data that are being presented.
As difficult as this process may be, especially for a large team or athletic program, the data can be invaluable when making return-to-play decisions. We suggest that the sports medicine staff responsible for performing these tests become very familiar with the particular nuances of their chosen modality, program, or protocol. Sports concussion care providers should become familiar with the nature of the data that are being collected, how they are interpreted, and how they may be affected by the influences mentioned above. Several options are available for measuring cognitive performance, both computerized and more traditional manual tests. We do not emphasize the validity of one over the other or recommend one particular program. Rather, we urge their careful and prudent use.
PEDIATRIC CONSIDERATIONS
Recognizing that children and adolescents are not just little adults, recent consensus guidelines have indicated a need for pediatric-specific modifications to adult concussion management plans. 9 Although no evidence-based pediatric guidelines are yet available, an increasing number of studies indicate that age effects are relevant in determining the appropriate postconcussion management plan. Field and colleagues compared symptom checklists and neuropsychological testing between concussed high school and collegiate athletes and found those in high school demonstrated impairments of learning and memory up to 7 days postinjury, while collegiate athletes recovered to control levels by postinjury day 3. 28 Prolonged (6-day to 7day) neurocognitive recovery in high school athletes after concussion has been reported in at least two other studies, suggesting that return-to-play guidelines may need to be more conservative in younger concussed athletes. 29, 30 Furthermore, in the Field and colleagues study, neurocognitive impairments in the concussed high school athletes were still demonstrable at time points at which their clinical symptom checklists had returned to baseline levels. 28 In a related finding, high school athletes with rapid resolution of postconcussive symptoms (less than 15 minutes) were reported to develop measurable cognitive impairment and worsening of symptoms several days after these seemingly mild concussions. 31 These data imply that measurable deficits in learning and memory may occur in younger athletes in the absence of significant symptomatology or in a delayed fashion after an apparent rapid resolution of acute symptoms.
The underlying reasons for these developmental distinctions are not entirely clear. Age-dependent differences seen clinically may result from physiologic vulnerabilities, genetic predisposition, parental perceptions, 32 or even differences in neuropsychological test sensitivity due to rapidly changing developmental baselines. 33 Using animal models, data following experimental concussive TBI in the immature brain have shown impairment of neuroplasticity and delayed development of cognitive deficits. 34 Other animal data indicate that unmyelinated fibers may be more vulnerable to biomechanical forces. 35 Myelination, particularly in the frontal lobes, is incomplete in humans until the early adult years, and clinical studies of white matter integrity using DTI have shown abnormalities after mTBI in adolescents. 36 These data support a role for axonal dysfunction in the genesis of cognitive deficits after concussive brain injury. Not all experimental data point to worse pathophysiology in the young brain, however. Recovery from delayed cerebral glucose hypometabolism appears to occur more rapidly in immature rats than in adults. 37 
CONCLUSION
Concussion is perhaps the single most common form of acquired brain injury, and the role for neurologists in the proper assessment and management of this entity is likely to grow. In distinction to prior perceptions of concussions as benign events, and a mentality, particularly in sports, to ''tough it out,'' more recent evidence suggests that even mTBI can induce a neurometabolic cascade of dysfunction that may predispose the brain to ongoing impairment and potential for recurrent or cumulative damage. Proper management of sports concussions depends on identification of relevant signs and symptoms, removal of the athlete from potential repeat injury, and serial assessment of neurologic function. In general, individuals with uncomplicated concussions are able to recover fully. However, even after the patient becomes asymptomatic, a prudent approach is to recommend a graded return to activity, particularly when contact sports are involved. Increasing evidence demonstrates that recurrent concussive (or perhaps even subconcussive) injuries may lead to chronic neurocognitive impairment or even early onset of dementia, factors that should be considered when evaluating and informing the multiply concussed athlete of the risk of returning to play. Finally, increasing animal and human data suggest that the developing brain's reaction to concussive injury is distinct from the mature brain, and that age-specific clinical guidelines for concussion management be developed, with perhaps a more conservative approach to assessment and recovery.
